In Trial 1, 12 wether lambs (34.2 f .8 kg BW) were used to determine the effects of restricting intake of diets increasing in percentage of concentrate, to achieve isoenergetic intakes, on digestibility and N metabolism. The trial consisted of two 14-d periods, 9 d for adaptation and 5 d for total collection of urine and feces. Treatments were 22, 39, 61, and 92% concentrate diets fed at ad libitum intake and 90, 80, and 70% of ad libitum intake, respectively. Diets were formulated to provide equal daily intakes of ME. Feeding diets increasing in proportion of concentrate at restricted intakes resulted in linear increases ( P < .001) in DM, OM, ADF, and NDF digestibilities. Starch digestibility was not affected ( P > .lo) by intake. Apparent N digestion was improved ( P < . O O l > with restricted feeding of diets containing greater proportions of concentrate. Nitrogen retention was increased ( P < . 0 0 5 ) for lambs receiving diets containing a greater proportion of concentrate a t reduced intakes. In Trial 2, 12 wether lambs (30.6 k .6 kg BW) were used to determine the effects of feeding high-concentrate ( 9 2 %) diets at reduced intakes on digestibility and N metabolism. Diets were fed at ad libitum intake and 90, 80, and 70% of ad libitum intake. The trial consisted of two 14-d periods, similar to Trial 1. Restricting the intake of high-concentrate diets improved ( P < .001) digestibility of DM, OM, ADF, starch, and CP. Digestibility of DM, ADF, CP, and starch increased .142, .423, .497, and .046 percentage units, respectively, for each 1% reduction in DM intake. Nitrogen retention was quadratic with maximal retention (percentage of N digested) occurring at an intake of 89% of ad libitum. It was concluded that diet digestibility and N utilization were enhanced when a restricted feeding program was used that provided equal daily intakes of protein, vitamins, and minerals.
Introduction
Limit-feeding strategies have been employed in two types of situations. The first situation is one in which the desired levels of energy intake are achieved by altering DM intake depending on the energy density of the diet. High-concentrate diets have been fed at reduced DM intake to program cattle t o gain at the same rate as cattle receiving ad libitum intake of roughage-based diets (Loerch, 1990 ). Potential benefits of this feeding program include reduced feed cost per unit of gain, lower inputs for feed and manure handling, and possibly less feed wastage (Lake, 1986) . Restricted feeding of more energy-dense diets J. h i m . Sci. 1994. 72:1583-1590 requires increased dietary concentrations of protein and other nutrients to meet daily requirements (Glimp et al., 1989; Loerch, 1990; Sip and Pritchard, 1991) . Changes in efficiency of energy and protein utilization affect nutrient requirements and the ability to predict performance of ruminants accurately. Little information is available on nutrient digestibility and N metabolism when diets increasing in percentage of concentrate are fed at isoenergetic intakes by decreasing DM intakes. In the second limit-feeding situation, intake is restricted without changes in energy density of the diet, and therefore energy intake is restricted. Limit feeding has been shown t o improve feed efficiency in beef cattle (Hicks et al., 1990 ) and sheep (Glimp et al., 1989) . Glimp et al. ( 1 9 8 9 ) increased dietary concentrations of protein in their limit-fed diets, whereas Hicks et al. (1990) limit-fed the same diet. These researchers postulated that improved diet digestibility may contribute to an improvement in feed efficiency. However, Hart and Glimp ( 1 9 9 1 ) did not observe improved digestibility when diets similar to those of Glimp et al. (1989) were limit-fed. This suggests that other mechanisms may be involved in the improvement in feed efficiency with restricted feeding. Objectives of this research were 1) t o determine the effects on nutrient digestibility and N metabolism when diets increasing in percentage of concentrate are fed at isoenergetic intakes by restricting DM intake and 2 ) to determine the effects of feeding high-concentrate diets a t varying levels of DM intake on digestibility and N retention in growing lambs.
Experimental Procedures
Trial 1. This trial was conducted t o determine the effects of restricting intake of diets increasing in percentage of concentrate ( t o achieve isoenergetic intakes) on diet digestibility, N retention, and observed ME intake in relation to predicted ME intake. Procedures used were approved by the Institutional Animal Care and Use Committee. Twelve white-faced (Targhee and Polypay) crossbred wether lambs (average BW 34.2 f .8 kg) of moderate growth potential were used in a total collection (urine and feces) metabolism trial. Lambs were blocked by weight and assigned to one of four treatments in a randomized complete block design. The four treatments were 1) 22% concentrate diet fed for ad libitum intake, 2 1 39%
concentrate diet fed at 90% of the intake of lambs with ad libitum access, 3 ) 61% concentrate diet fed at 80% of the intake of lambs with ad libitum access, and 4 ) 92% concentrate diet fed at 70% of the intake of lambs with ad libitum access. The remainder of the diets was corn cobs. Complete diets were pelleted prior to feeding. Intake restrictions were based on the average intake of the lambs with ad libitum access. Composition of diets is shown in Table 1 . Dietary concentrations of N, vitamins, and minerals were adjusted to allow equal daily intakes of these nutrients. Diets were formulated to meet nutrient requirements (NRC , 1985) . Diets were fed once daily at 0800 and lambs were allowed ad libitum access to fresh water. The trial consisted of two 14-d collection periods, during which lambs were placed in metabolism crates (1.6 m x .53 m ) designed to allow for separation and collection of feces and urine. Lambs were allowed 7 d to adapt to the crates before initiation of the trial and were housed in the crates throughout the trial. Before initiation of the 14-d trial periods, a 5-d pre-trial period was conducted with the three lambs on ad libitum intake, to establish ad libitum intake. The mean intake for each lamb during this 5-d period was considered to be ad libitum, and this established amount was fed during the 14-d collection period. The assignment of lambs to Period 2 was random, with the restriction that no lamb received the same diet in both periods.
Each 14-d collection period consisted of 9 d of adaptation and 5 d for collection of feces and urine. Feed and orts were sampled and collected daily from d 10 t o 14 of the collection period. Total feces were collected, weighed, and a 10% aliquot was retained and composited for each lamb within each period. Feces were stored frozen during the collection period. Urine was collected into containers with sufficient 6 N HC1 added to maintain pH below 3.0. A 5% aliquot of urine was retained daily and composited for each lamb within each period. Feed, orts, and fecal samples were dried in a forcedair oven at 55"C, ground to pass a 2-mm screen, and analyzed for DM, OM, N (AOAC, 19841, ADF, NDF (Van Soest et al., 1991) (nonsequential) , and starch, using enzymatic hydrolysis and glucose oxidase (Fleming and Reichert, 1980) . Urine was analyzed for N using the macro-Kjeldahl technique (AOAC, 1984) . Digestibilities and N retention were calculated by difference. The observed ME concentration of the diets as estimated by assuming that OM digestibility was equal to TDN (Lofgreen, 1953; Crampton et al., 1957) and standard conversions of .04409 x TDN to obtain DE and an efficiency of 82% for the conversion of DE to ME (NRC, 1985) .
Trial 2. This trial was conducted to determine the effects of feeding diets containing the same level of concentrate a t restricted DM intakes (to achieve an energy restriction) on diet digestibility, N retention, and observed ME intake in relation to predicted ME intake. Procedures used were approved by the Institutional Animal Care and Use Committee. Twelve crossbred wether lambs (average BW 30.6 -t .6 kg) were used in a total collection (urine and feces) metabolism trial. Lambs were blocked by weight and assigned to one of four treatments in a randomized complete block design. The four treatments were 1 ) ad libitum intake, 2 ) 90% of the intake of lambs with ad libitum access, 3 ) 80% of the intake of lambs with ad libitum access, and 4 ) 70% of the intake of lambs with ad libitum access. Diets fed were 92% concentrate; the remainder was ground corn cobs with adjustments to N, vitamin, and mineral concentrations t o allow for equivalent daily intake of these nutrients across energy intakes. Complete diets were pelleted prior to feeding. Diets were formulated to meet nutrient requirements (NRC, 1985) with the exception of protein. Protein was fed slightly below requirements to allow for feeding strategy effects on N retention to be expressed. Calculated daily ME intake was 3.0, 2.7, 2.4, and 2.1 times maintenance intake for the ad libitum, 90, 80, and 70% of ad libitum intake, respectively. Composition of diets fed is shown in Table 2 . Feeding methods, housing and care of lambs, allotment to treatment, period arrangement, and feed, feces, urine, orts collection, and laboratory analyses were the same as previously stated for Trial 1.
Statistics. Data from each trial were analyzed as a randomized complete block design using the GLM procedures of SAS ( 199 1). Model statement included terms for period, block, and intake. Treatment responses were determined using orthogonal contrasts (linear, quadratic, or cubic) (Steel and Torrie, 1980) . When a significant treatment response was identified in Trial 2, the data were analyzed using the Regression procedure of SAS to quantify how intake affected the dependent variable in question. 
Results and Discussion
Trial 1 . Restricted feeding of diets increasing in percentage of concentrate led to linear improvements ( P < .OOl) in DM, OM, ADF, and NDF digestibility (Table 3) . Starch digestibility was not affected by restrictively feeding diets increasing in percentage of concentrate. The observed improvements in DM and OM digestibility would be expected, because the limitfed diets contained a greater percentage of corn, which has an inherently higher digestibility than ground corn cobs. Restrictively feeding diets increasing in proportion of concentrate also led t o improvements in digestibility of the fibrous components of the diet. The results for fiber digestion agree with reports by Colucci et al. (1989) and El Khidir and Vestergaard Thomsen ( 1983) when intakes were low. However, when feed intake was high, forage fiber digestion was decreased by feeding diets containing high proportions of concentrate (Miller and Muntifering, 1985; Colucci et al., 1989) . The present study was designed to achieve isocaloric intakes. This required feeding decreasing amounts of diets containing a greater proportion of concentrate. This improvement in fiber digestion may be the result of slower rates of passage allowing for a more complete ruminal digestion of ADF and NDF (Miller and Muntifering, 1985) or an increase in fiber digestion in the hindgut (Lewis and Dehority, 1985) . Increased bacterial populations may also contribute t o improving ADF and NDF digestibility. Grubb and Dehority ( 1975) reported an increase in bacterial populations when sheep were fed diets containing 60% concentrate compared to all-roughage diets. Apparent diet ME concentrations (Table 3 ) differed from expected ME concentrations (Table 1 ) calculated using NRC (1985) values. The discrepancy in ME concentrations was greater when intakes were high and diets contained a greater amount of ground corn cobs than when intakes were low and diets contained a greater amount of concentrate. This discrepancy in dietary ME concentrations may be the result of overestimation of the energy value for corn cobs considering that tabular values for energy contents of feeds are determined a t intakes near maintenance (Tyrrell and Moe, 1975) . Increasing intake above maintenance leads to decreases in digestibility of varying degrees depending on type and quality of diet fed (Moe et al., 1965; Brown, 1966; Wagner and Loosli, 1967) . Also, feeding pelleted ground corn cobs may lead to increased rates of passage and a lower digestibility than would be observed if corn cobs were fed in the unpelleted form (Gubert, 1979) . The net result of differences in dietary ME, compared to tabular values, was increased daily ME intake as a result of feeding diets increasing in percentage of concentrate at restricted DM intake.
Fecal N excretion decreased linearly ( P < .OO 1) as a result of restricted feeding (Table 4) . This reduction in fecal N excretion is partially the result of reduced metabolic fecal N (Swanson, 1977) . Metabolic fecal N is positively related t o DM intake (Hutchinson and Morris, 1936) but may be more closely related to fecal DM output (Hironaka et al., 1970; Stallcup et al., 1975) . The linear reduction in fecal N excretion as a result of the restricted feeding program led to linear improvements ( P < .OOl) in apparent N digestion. Although the objective of the study was to provide equal daily intakes of nutrients, N intake was slightly decreased as dietary proportion of concentrate was increased. Reductions in N intake may have contributed to observed reductions in fecal N excretion. Restricted feeding in the present trial resulted in a reduction of DM intake and reduced fecal DM output. Fecal DM output would have been expected to be reduced due to the limited intake. However, reductions in fecal DM output were even greater than (Table 4 ). An increased proportion of dietary protein in restricted-fed diets was provided by ingredients with a lower true digestibility (corn 89%; Fonnesbeck et al., 19841 , in comparison to the ad libitum diet in which a greater proportion of dietary protein was provided by ingredients with a greater true digestibility (soybean meal 100%; Loerch et al., 1983) . Therefore, the effects on true digestibility of dietary protein in the present study are likely the result of differences in inherent digestibilities of dietary ingredient and not necessarily due to restricted feeding. Colucci et al. (1989) observed a linear improvement in CP digestibility when the proportion of dietary concentrate increased when sheep were fed at low intakes, whereas at high intakes the proportion of dietary concentrate had no effect on CP digestibility. Although it was our intent to provide an equal amount of N across diets, N intake decreased slightly as intake was restricted. Amount of apparent absorbed N was similar across diets. Urinary N excretion decreased linearly ( P < .005) when diets increasing in percentage of concentrate were limit-fed. Reasons for the reductions in urinary N excretion are unclear; however, reduced excretion of urinary N with limit feeding may have resulted due to the observed increase in daily ME intake, when lambs were limit-fed diets increasing in percentage of concentrate, which would spare protein from being catabolized for energy. The slight reductions in N intake could have contributed to the reductions in urinary N excretion. However, this explanation seems unlikely based on the fact that absorbed N was equal across intakes. Nitrogen recycling also may have been greater with the highconcentrate diets due to increased incorporation of ruminal ammonia into microbial protein (Sultan et al., 1992) . The effects of limit-feeding diets increasing in percentage of concentrate on N excretion led to linear improvements in N retention when expressed as gramdday ( P < .005), percentage of N intake ( P < .001), and percentage of N digested ( P < .001). Source of energy, source of absorbed protein (dietary and microbial), level of intake, and(or) coordination of energy and protein supply could have contributed to the increase in N retention observed. However, it was not the objective of this trial to isolate these effects, but rather to determine the net effects on N metabolism of a restricted feeding program that provided equal energy intake using different feeding strategies. Further research is needed t o determine the effects of this feeding strategy on partitioning of nutrient digestion and microbial contributions to protein available for absorption. Additionally, because observed ME intakes were greater for limit-fed lambs than for those given ad libitum access, more energy may have been available for tissue protein synthesis. Gubert ( 19 79) reported that increased daily energy intake resulted in linear increases in N retention in dairy cattle.
Trial 2. The influence of restricting DM intake of high-concentrate diets on diet digestibility is shown in Table 5 . Restricted feeding led to linear improvements ( P < .005) in DM, OM, ADF, and starch digestibility. These data on DM and OM digestibility are in agreement with data reported by Wagner and Loosli (19671, El Khidir and Vestergaard Thomsen (19831, and Colucci et al. (1989) . El Khidir and Vestergaard Thomsen (1983) fed 80% concentrate diets and observed increases in OM digestion as intake was decreased. Feeding 70% concentrate diets to cattle and sheep resulted in decreases in digestibility at high compared with low intakes (Colucci et al., 1989) . Dry matter digestibility in the present study was improved .142 k .027 percentage units for each 1% decrease in aLinear treatment effect ( P < .001).
'Linear treatment effect ( P < ,005). 'Calculated using NRC (1985) equations and DM intake. Observed improvements in digestibility resulting from reductions in intake are likely the result of slower rates of passage allowing for a more complete digestion of dietary components (Tyrrell and Moe, 1975) . Improvements in digestibility with restricted feeding observed in the present experiment are in contrast to findings of Hart and Glimp (1991) . These researchers observed no effect on digestibility when intake was restricted to 85% of ad libitum intake. All-concentrate diets were fed in the study of Hart and Glimp (1991) and ad libitum intakes were similar to those in the present study. Digestion of ADF was increased ( P < .005) with restricted feeding. For each 1% reduction in intake, ADF digestibility was increased .423 k ,134 percentage units. Improvements in fiber digestibility are probably explained by slower particle passage rates from the rumen (Miller and Muntifering, 1985 1, allowing for increased residence time and greater extent of digestion. Acid detergent fiber content of the diet was only approximately 7%
( Colucci et al. (1989) for sheep. Although digestion coefficients were improved with restricted feeding, starch digestion was near completion at all intakes. The biological importance of this statistical improvement likely is minimal. Apparent diet ME concentrations were calculated using NRC (1985) equations and observed OM digestibility values (Table 5 1. Observed ME content of diets at ad libitum intake was slightly lower (.14 Mcalkg) than predicted (Table 2 ) using NRC (1985) tabular values. Tabular values for digestibility of feeds were determined at or near maintenance intake (Tyrrell and Moe, 1975) , and decreases in digestibility occur as intake increases above maintenance (Moe et al., 1965; Brown, 1966; Wagner and Loosli, 1967) . Intakes of 70% of ad libitum resulted in slightly higher (.09 Mcalkg) ME content than predicted using NRC (1985) tabular values. aLinear treatment effect ( P < ,001).
'Linear treatment effect ( P < .OIL CQuadratic treatment effect ( P < ,021. dEstimated according to metabolic fecal nitrogen correction of Harris and Mitchell (1941) .
Effects of restrictively feeding 92% concentrate diets on N metabolism are shown in Table 6 . Nitrogen intake was constant across DM intakes. Fecal N excretion decreased ( P < .001) linearly from 6.98 to 4.39 g/d as a result of a 30% restriction in daily DM intake. A portion of this reduction in fecal N excretion is due to decreased metabolic fecal N (Swanson, 1977) . Restricted feeding in the present study was accomplished by reducing DM intake. This has been shown to reduce metabolic fecal N content (Hutchinson and Morris, 1936) . Reductions in fecal output, caused by the restricted intake, were even greater than expected due to improvements in DM digestibility (Table 5 ). Decreasing fecal DM output can lead t o an even further reduction in metabolic fecal N (Hironaka et al., 1970; Stallcup et al., 1975 (Loerch et al. 1983 ) compared with a greater proportion of dietary protein for the ad libitum diets provided by corn, which has a lower true digestibility (89%; Fonnesbeck et al., 1984) . Inherent differences in protein digestibility of dietary ingredients approximately accounted for the observed differences in true protein digestion observed with the restricted feeding program. However, these differences in true protein digestion account for no more than 25% of the responses in fecal excretion. Colucci et al. (1989) observed an increase in CP digestibility when sheep received high-concentrate diets at low intakes compared with high intakes. Nitrogen excretion in urine increased linearly ( P < .001) for restrictively fed lambs. Increased urinary N excretion accompanying reduced energy (DM) intakes suggests that even though absorbed N was increased with restricted feeding a greater amount of absorbed protein was metabolized as an energy source to compensate for the reduction in energy intake. Nitrogen retention (expressed as gramdday, percentage of N intake, and percentage of N digested) exhibited a quadratic ( P < .02) response to DM intake ( Table 6 ) . Figure 1 shows the quadratic curves fitted to N retention data. Nitrogen retention as a percentage of N digested was maximum at an intake of 89% of ad libitum.
Expressing N retention as a percentage of N intake, maximum retention occurred at an intake of 86% of ad libitum. The quadratic relationship of N retention with DM intake (energy intake) was not consistent with the findings of Gubert (19791, who found that diary cattle exhibited a linear increase in N retention as daily energy intake increased.
Implications
Restricting intake of diets can lead to a greater energy intake than expected due to improvements in digestibility of feedstuffs. Crude protein digestion is improved with restricted feeding at least in part due to reductions in metabolic fecal nitrogen excretion and increased retention time leading to improved digestion and absorption of protein. Uses of restricted feeding in production systems need to account for improvements in nutrient digestibility and animal metabolism to match nutrient intake with animal requirements to achieve maximum efficiency and the desired performance.
